Production of Pfs25, a Plasmodium falciparum transmission-blocking vaccine target antigen, in functional conformation with the potential to elicit effective immunogenicity still remains a major challenge. In the current study, codon-harmonized recombinant Pfs25 (CHrPfs25) was expressed in Escherichia coli, and purified protein after simple oxidative refolding steps retained reduction-sensitive conformational epitopes of transmission-blocking monoclonal antibodies. CHrPfs25 formulated in several adjuvants elicited strong immunogenicity in preclinical studies in mice. Antibodies elicited after immunization recognized native Pfs25 on the surface of live gametes of P. falciparum and demonstrated complete malaria transmission-blocking activity. The transmission-blocking efficacy was 100% even after a 1:128 dilution of sera from immunized mice in the complete Freund's adjuvant and Montanide ISA51 groups and after a 1:16 dilution of sera from mice in the alum group. The blocking was mediated by antibodies; purified IgG at concentrations as low as 31.25 g/ml exhibited 100% transmission blocking in membrane feeding assays employing two different species of mosquitoes, Anopheles gambiae and Anopheles stephensi. This study provides the first evidence for successful expression of biologically functional rPfs25 in E. coli. The extremely potent malaria transmission-blocking activity of antibodies elicited by immunization with purified protein provides strong support for further evaluation of E. coli-derived CHrPfs25 as a malaria transmission-blocking vaccine in human clinical trials. N early half the world's population lives in regions where malaria is endemic, and this accounts for approximately 219 million clinical cases with up to 660,000 deaths, mostly of children under five years of age (1, 2). The parasite has displayed a remarkable ability to develop resistance to almost any antimalaria drug used, and there has been a recent report on artemisinin-resistant Plasmodium falciparum in Cambodia (3). While efforts to develop vaccines targeting various life cycle stages of the parasite are under way, in both the human host and the mosquito vector, none is available currently. Vaccines targeting the transmission stages of the parasites, the sexual stages, are considered essential to achieve the goal of gradual elimination of malaria. Malaria transmission reduction can be achieved either by blocking the development of gametocytes, the sexual stages of the parasite, or by reducing further development of these transmission stages in the mosquito vector (4-6). Recent emphasis on global elimination and eradication of malaria has outlined a critical role for a malaria transmission-blocking vaccine (TBV) as an effective tool for reducing malaria transmission.
N
early half the world's population lives in regions where malaria is endemic, and this accounts for approximately 219 million clinical cases with up to 660,000 deaths, mostly of children under five years of age (1, 2) . The parasite has displayed a remarkable ability to develop resistance to almost any antimalaria drug used, and there has been a recent report on artemisinin-resistant Plasmodium falciparum in Cambodia (3) . While efforts to develop vaccines targeting various life cycle stages of the parasite are under way, in both the human host and the mosquito vector, none is available currently. Vaccines targeting the transmission stages of the parasites, the sexual stages, are considered essential to achieve the goal of gradual elimination of malaria. Malaria transmission reduction can be achieved either by blocking the development of gametocytes, the sexual stages of the parasite, or by reducing further development of these transmission stages in the mosquito vector (4) (5) (6) . Recent emphasis on global elimination and eradication of malaria has outlined a critical role for a malaria transmission-blocking vaccine (TBV) as an effective tool for reducing malaria transmission.
The long-term success of a TBV depends upon induction of high functional antibody titers in order to effectively block the parasite transmission cycle (7) . In P. falciparum, Pfs230, Pfs48/45, and Pfs25 have been identified as target antigens, and antibodies directed against any of these antigens are capable of effectively reducing malaria transmission (8) (9) (10) (11) (12) (13) , with similar homologs identified in Plasmodium vivax. Malaria caused by P. falciparum and P. vivax, species that are coendemic in many areas, accounts for greater than 90% of total malaria cases, and TBVs targeting these two species can play a significant role in malaria elimination. Among these target antigens, most significant progress has been achieved with Pfs25 and the P. vivax homolog Pvs25. These studies on adjuvant-formulated recombinant Pfs25 expressed in yeast (Saccharomyces cerevisiae and Pichia pastoris) (12, 14) , cell-free translation using wheat germ (15) , plants (16) , and an algal system (17) , and DNA vaccines (18) (19) (20) (21) have provided unequivocal support for Pfs25 as an effective target antigen. Pfs25 is a 25-kDa surface protein containing an N-terminal signal sequence followed by four epidermal growth factor (EGF)-like domains with 11 disulfide bonds and a C-terminal glycosylphosphatidylinositol (GPI) anchor sequence (11, 22) . However, a phase I clinical trial with Pfs25 expressed in P. pastoris formulated in Montanide ISA51 adjuvant showed only moderate immunogenicity in human volunteers (23) . While the reasons for low functional immunogenicity in phase I trials remain open to speculation, Pfs25 expressed in yeast was highly heterogeneous in nature, consisting of two major isoforms (A and B) (24, 25) . Several attempts have been made to enhance the immunogenicity of yeast-derived Pfs25, including coadministration with cholera toxin as an adjuvant (26) , chemical conjugation of Pfs25 linked with outer membrane protein of Neisseria meningitides serogroup B (27) or recombinant Pseudomonas aeruginosa exotoxin A (25) , and use of nonconjugated or conjugated Pfs25 with lichenase carrier protein (LickM) produced in plants (16) .
Despite the progress in expressing recombinant proteins, in-cluding Pfs25, in different recombinant systems, Escherichia coli still remains a preferred host for ease of use and cost-effective production and purification of recombinant proteins for use as biological products and vaccines. Recombinant expression of P. falciparum proteins in E. coli has been problematic due to codon bias and formation of aberrant disulfide bonds, resulting in an inaccurately folded and highly heterogeneous mix of oligomeric forms of the purified product. Pfs25 contains 22 conserved cysteine residues, and all 11 disulfide bonds are important for structural integrity of the molecule (11, 22) . Mispairing of cysteine residues is accompanied by misfolding or aggregation of proteins, requiring solubilization and protein refolding and resulting in low yields of functional molecules (28, 29) . A previous study on attempts to express Pfs25 in E. coli reaffirmed all the points described above (30) . Our lab has recently revisited the issue of E. coli expression of P. falciparum proteins, especially those that require proper disulfide bond pairing. Recombinant Pfs48/45 expressed after codon harmonization (9) was found to retain functional transmission-blocking immunogenicity. In codon harmonization, synonymous codons having usage frequencies in E. coli that are equal to or less than the usage frequencies in the native expression host are replaced, including rare codons present at link/end segments (31) . In the current study, we present results on the expression and purification of codon-harmonized recombinant Pfs25 (CHrPfs25) in E. coli in an appropriate monomeric conformation, which elicited highly potent (100% reduction) malaria transmission-blocking antibody (TBA) responses.
MATERIALS AND METHODS
Molecular cloning and expression of Pfs25 in E. coli. The coding sequence of Pfs25 (accession number PF3D7_1031000, www.plasmo DB.org) was codon harmonized (31) , and the CHrPfs25 sequence (lacking N-terminal signal and C-terminal GPI anchor residues) fused with 6 histidines at the 5=end was cloned in the expression vector pET (K Ϫ ). E. coli BL21 cells (Invitrogen) transformed with CHrPfs25-pET (K Ϫ ) were grown to an optical density (OD) of 1.00, followed by induction with 100 M IPTG (isopropyl-␤-D-thiogalactopyranoside) for an additional 3 h at 25°C.
Purification and refolding of CHrPfs25. The cells were lysed, and after centrifugation (18,000 ϫ g, 45 min) the cell pellet was washed with phosphate-buffered saline (PBS) (pH 7.4) and resuspended in 100 mM Tris, pH 12.0. The pH of the supernatant was adjusted to 6.8 and incubated with Ni-nitrilotriacetic acid (NTA) agarose beads in the presence of 10 mM imidazole for 6 h at 4°C. The beads were washed with Tris buffer containing 20 mM imidazole and 30 mM imidazole, and protein refolding was achieved by washing the beads with a 10:1 ratio of reduced/oxidized glutathione in Tris buffer. The bound protein was eluted with 100 mM imidazole and treated with the glutathione refolding steps, followed by dialysis using PBS (pH 6.9) at 4°C. The protein quality was assessed by SDS-PAGE and Western blotting, and the protein concentration was measured by the bicinchoninic acid (BCA) method (Thermo Scientific). Endotoxin values determined with a Limulus amoebocyte lysate (LAL) chromogenic endotoxin quantitation kit (Thermo Scientific) ranged between 0.7 and 7.2 endotoxin units (EU)/ml among Ͼ8 different batches of purified CHrPfs25.
SDS-PAGE and Western blotting. Protein samples or purified gametes were mixed with SDS-PAGE loading buffer with or without 5% ␤-mercaptoethanol (Sigma-Aldrich), heated for 5 min at 100°C, and resolved on 12.5% SDS-polyacrylamide gels. After electrophoretic transfer, nitrocellulose membranes were blocked with 1% nonfat dry milk in PBS and 0.01% Tween 20. After incubation with various antibodies, membranes were incubated with horseradish peroxidase (HRP)-conjugated anti-mouse IgG and developed using the Amersham ECL Prime Western blotting detection reagent (GE Healthcare).
Immunizations. Female BALB/c mice (n ϭ 5) were immunized with 10 g of CHrPfs25 emulsified in complete Freund's adjuvant (CFA) (Sigma-Aldrich) or Montanide ISA51 (Seppic) or mixed with aluminum hydroxide (alhydrogel) (Brenntag Biosector) through the intraperitoneal (i.p.) route in a total volume of 0.1 ml/mouse. Mice received booster doses at 3-week intervals with 10 g of protein in the same adjuvants except that incomplete Freund's adjuvant was used for mice immunized with CFA. Animals in the alum group received a fourth dose of protein vaccine. Bleeds were collected 21 days after the first dose and 10 days after each booster dose. Sera from mice immunized with PBS-adjuvant formulations only were used as negative controls in all the experiments.
Evaluation of antibody by ELISA and live immunofluorescence assay (IFA). The antibody titers in the sera were determined by standardized enzyme-linked immunosorbent assay (ELISA) (21) . ELISA plates (Immulon 2) were coated with 1.5 g/ml CHrPfs25 in 0.1 M carbonate-bicarbonate buffer (pH 9.6). The avidity of antibodies was analyzed by ELISA as described previously (21) . Extracellular gametes were purified by discontinuous Nycodenz gradient centrifugation from P. falciparum NF54 gametocyte cultures (32, 33) and incubated with mouse sera (dilutions of 1:500 and 1:1,000) for 30 min at 4°C, followed by further incubation with fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG. The reactivity of antisera was analyzed using an Olympus microscope and Q color 3 camera (Olympus America Inc., PA) under a 100ϫ oil immersion objective.
Purification of murine IgG. Total IgG was purified using protein ASepharose beads. Pooled mouse sera diluted (1:1) with the binding buffer (1.5 M glycine, 3 M NaCl, pH 9.0) were incubated for 2 to 3 h at 4°C with protein A-Sepharose beads. The beads were washed with 20 ml of binding buffer and IgG eluted with 0.2 M glycine (pH 2.5) in tubes containing 1 M Tris-HCl, pH 8.0. The total IgG concentration was determined by the BCA method, quality was assessed by SDS-PAGE under reducing and nonreducing conditions, and buffer exchange was carried out using PBS (pH 7.4).
MFA. The transmission-blocking activities of mice sera and purified total IgG were tested by standard membrane feeding assay (MFA) (21) . Various test or control sera or total IgG was tested at the indicated dilution or concentration, and the parasite infectivity was measured 8 to 9 days after the blood meal by counting the number of oocysts per midgut by microscopy.
Data analysis and statistics. Antibody endpoint titers were defined as serum dilutions giving an absorbance higher than the average OD at 405 nm of preimmune serum ϩ 2 standard deviations (SD). Percent inhibition of oocyst development per mosquito was determined using the formula 100 ϫ [(mean oocyst number with control sera Ϫ mean oocyst number with test sera)/(mean oocyst number with control sera)]. Statistical analysis was performed using the GraphPad Instat3 software package. The differences between experimental groups were analyzed by the one-way analysis of variance (ANOVA) Kruskal-Wallis test. P values of Ͻ0.05 were considered significant.
RESULTS
Purification, refolding, and characterization of CHrPfs25. Pfs25 contains 11 disulfide bonds, which are absolutely critical for functional immunogenicity. Previous attempts to express properly folded Pfs25 in E. coli have been unsuccessful (30) , most likely as a result of a high level of codon mismatch between P. falciparum and E. coli. We modified the Pfs25 sequence prior to cloning by harmonization of the coding sequence, and recombinant CHrPfs25 protein was successfully expressed in E. coli as shown by SDS-PAGE (Fig. 1A) . The expression of the protein was confirmed by Western blotting using anti-His antibody (Fig. 1B) . A multistep purification and refolding protocol was developed and standard-ized for the purification of CHrPfs25 from the inclusion bodies, and the protein yield varied between 9 and 13 mg/liter for 8 independent bacterial cultures. Figure 1C and D show the SDS-PAGE profile and identity of monomeric purified CHrPfs25 used for immunogenicity evaluation studies.
To confirm that the refolded purified protein retained the appropriate conformational epitopes, the reactivity of conformation-dependent or -independent Pfs25-specific monoclonal antibodies ID3 and MRA-4B7, respectively, was evaluated under nonreducing and reducing conditions. Both ID3 and MRA-4B7 recognized the nonreduced form of the protein (Fig. 1E and F) , while the ID3 reactivity was completely abolished upon reduction of CHrPfs25 (Fig. 1E) , suggesting the presence of reduction-sensitive conformational epitopes as recognized in the native protein.
Evaluation of immunogenicity and avidity of antibodies. In order to assess the immunogenicity of CHrPfs25 expressed in E. coli, sera from mice immunized in three different adjuvants were analyzed for antibody titers by ELISA. Significant antibody titers were elicited after just a single-dose immunization, and the antibody titers increased after each booster dose, with ELISA titers reaching 640,000 in the CFA and Montanide groups and 160,000 in the alum group (Table 1) . No Pfs25-specific antibodies were detected in mice immunized with adjuvants alone. Next, we compared antibody avidity in all the above-mentioned sera using various concentrations of NaSCN to disrupt the antigen-antibody association. As shown in Fig. 2 , the NaSCN concentrations needed to cause 50% dissociation were comparable in all the three adjuvant groups, indicating that the antibodies elicited were not qualitatively different.
Recognition of native Pfs25 on purified P. falciparum gametes by live IFA and Western blotting. Immune sera in all the adjuvant groups showed strong surface recognition of native Pfs25 protein in live parasites (Fig. 3I shows immunofluorescence assay [IFA] data at a 1:1,000 dilution of control and immune sera). Further evidence for the recognition of native parasite antigen was obtained by Western blot analysis using lysates of purified gametes with reducing and nonreducing SDS-PAGE. Immune sera from mice, as well as conformation-dependent Pfs25-specific monoclonal antibody ID3, recognized the nonreduced form of native protein in the parasite lysates (Fig. 3II) .
Evaluation of TBA by MFA. The transmission-blocking efficacy of antibodies was determined by MFA. Initially, individual immunized mouse sera were tested at a 1:2 dilution in MFA, along with control and normal human serum (NHS) tested in parallel. While all the immune sera showed 100% transmission-blocking activity (TBA) in Anopheles gambiae mosquitoes (data not shown), there was some level of nonspecific toxicity from sera (at a 1:2 dilution) from control mice immunized with adjuvants alone, with toxicity diminishing at further serum dilutions (1:4 onwards). In order to assess the specific transmission-blocking potency of immune sera, we next evaluated all the immune sera at various 2-fold serial dilutions (1:2 to 1:128) (Fig. 4) along with dilutions of control sera. One hundred percent TBA (not a single oocyst detected) was demonstrated in the presence of immune sera diluted 1:32 (CFA group) (Fig. 4A) , 1:64 (Montanide ISA51 group) (Fig. 4B) , and 1:8 (alum group) (Fig. 4C) . The blocking efficacy (Ͼ98%) of sera was evident even after a 1:128 dilution of serum in the CFA and Montanide groups and after a 1:32 dilution in the alum group. These results demonstrate that sera from mice immunized with CHrPfs25 formulated in three adjuvants are extremely potent blockers of malaria transmission as assessed through mosquito membrane feeding biological assays.
In order to obtain indisputable evidence that the TBA is indeed due to antibodies elicited by immunization, purified IgG was tested in MFA at various concentrations using A. gambiae. One hundred percent reduction in the development of oocysts was demonstrated with a concentration of 31.25 g/ml of total IgG purified from sera from mice immunized with the Montanide ISA51 (Fig. 5B) and alum (Fig. 5C) formulations, while 62.5 g/ml of total IgG from the CFA group showed 100% transmission-blocking activity (Fig. 5A) . While A. gambiae is the major vector in Africa, Anopheles stephensi is well recognized as the major malaria vector in Asia. We also tested purified total IgG (125 and 62.5 g/ml) in MFA employing A. stephensi mosquitoes. Once again, 100% transmission-blocking efficacy of purified IgG from all the three adjuvant groups was demonstrated (Fig. 6 ), thus ruling out any mosquito vector restriction for Pfs25 antibodymediated transmission reduction.
DISCUSSION
Recent years have witnessed significant strides in the direction of development of malaria vaccines; however, no effective vaccine is yet available for the prevention of malaria, lessening malaria morbidity or mortality, or reducing malaria transmission. The last has been recognized to likely play a crucial role in achieving the goal of gradual elimination of malaria. Malaria transmission-blocking immunity targets the sexual development of the parasite within the mosquito midgut, and antibodies effectively compromise the survival of extracellular gametes, prevent fertilization between male and female gametes, or interfere with the subsequent development of zygotes into motile ookinetes (4, 5) . Any of these outcomes will amount to reduced infectivity of sexual stages in the mosquito, which will be reflected in reduced malaria transmission and eventually ease the burden of the disease. Of the three target antigens (Pfs230, Pfs48/45, and Pfs25) (4, 5, 9, 11, 34, 35) , most significant progress has been achieved with Pfs25, including phase I clinical trials with yeast-derived Pfs25 and Pvs25. Further efforts are needed to improve the rather minimal immunogenicity observed in phase I clinical trials (16, (25) (26) (27) 36) . The molecular heterogeneity of expressed Pfs25, the paucity of effective adjuvants, and retention of native conformation in the rPfs25 used for vaccine formulations are also some of the major factors contributing to poor trial outcomes.
For the production of recombinant biologics, E. coli still remains the system of choice for its ease and low overall costs involved. Previously, recombinant Pfs25-TrpE fusion protein was expressed in E. coli; however, the protein was not folded correctly, as suggested by lack of recognition by transmission-blocking monoclonal antibodies (30) and failure to elicit transmissionblocking antibodies. In the current study, we successfully expressed and purified Pfs25 in E. coli with high yield following application of codon harmonization of the coding-gene sequence. Codon harmonization not only optimizes the native sequence for expression in a heterologous expression system, it also regulates the rate of protein synthesis by controlling ribosomal pausing to facilitate simultaneous protein folding (31) . While the approach was successful, the initial limitation of this approach was the expression of recombinant CHrPfs25 protein sequestered in inclusion bodies. Therefore, the protocol for protein purification was optimized to achieve conformational epitope formation while minimizing protein oligomerization and thus further improving the quality and stability of the purified monomeric protein.
High concentrations of chaotropes used for solubilization of inclusion bodies often result in suboptimal protein refolding and reduced recovery of bioactive protein molecules (29, 37) . First, we opted to employ alternate ways to solubilize inclusion bodies using brief exposure to high pH (29) , and the second consideration was protein refolding to obtain Pfs25 in the appropriate conformation (11, 22, 38) . It is well known that the correct pairing of cysteine residues in the protein has important consequences for protein folding, protein stability, and biological function. Using an optimized ratio of reduced to oxidized glutathione (GSH to GSSG), we were successful in oxidative refolding of Pfs25 in the appropriate conformation. Oxidized and reduced forms of glutathione facilitate efficient reduction and/or isomerization of nonnative disulfide bonds, which ensures correct refolding of protein (39) (40) (41) . Our protocol also took into consideration the effect of fine-tuning the pH and the presence of glycerol for disulfide interchange reactions (42) and enhanced thermodynamic stability of native disulfide bonds (43) . As presented in this study, Pfs25, a highly cysteine-rich protein, was successfully folded in monomeric form using an oxidative protein refolding protocol optimized in our lab. The purified protein retained disulfide bonddependent conformational epitopes as revealed by the recognition of purified CHrPfs25 by specific monoclonal antibodies; ID3 and MRA-4B7 recognized nonreduced CHrPfs25, and the recognition by ID3 was completely lost in reduced form, suggesting that the refolded CHrPfs25 protein contained functional conformational critical disulfide bonds.
To be an effective TBV target antigen, the next critical need is for it to elicit high antibody titers with fewer vaccine doses administered and to block the development of the parasite in the mosquito midgut. Adjuvants as immune response modifiers play an important role in the optimum immunogenicity of administered vaccine molecules, and different adjuvants and vaccine dosing schedules affect the magnitudes and longevities of immune responses. Mice immunized with CHrPfs25 formulated with CFA or Montanide ISA51 elicited stronger antibody titers (640,000) than those immunized with an alum formulation (160,000). While we observed these quantitative differences in the levels of antibody titers, the qualities of antibodies elicited with the three adjuvant formulations were quite comparable as re- Montanide ISA51 adjuvant; (C) alum adjuvant. All sera were tested at various dilutions in the same membrane feeding assay, and data points represent the number of oocysts per mosquito. Statistically significant differences in TBA based on median values between groups were analyzed with the one-way analysis of variance (ANOVA) Kruskal-Wallis test. Statistical significance was set at a P value of Ͻ0.0001. N represents infected/total mosquitoes dissected.
FIG 5
Functional activity of purified antibodies as determined by MFA. Total IgG from pooled sera was purified using a protein A-Sepharose column and tested at different concentrations (g/ml) for evaluation of TBA and infectivity prevalence in A. gambiae mosquitos. (A) CFA; (B) Montanide ISA51; (C) alum. Pooled serum (dilution, 1:8) from CHrPfs25 formulated in the respective adjuvant group and normal human serum (NHS) were used as controls in the same membrane feeding assay. Statistically significant differences in TBA were analyzed as described for Fig. 4 . Statistical significance was set at a P value of Ͻ0.0001. N represents infected/total mosquitoes dissected.
vealed by avidity assay. These results suggested that while the magnitude of the antibody response was different among adjuvant groups, the overall antibody quality was not affected by immunization in different formulations.
The ultimate value of the research findings reported in this study lies in the functional efficacy of elicited antibodies. IFA with live purified P. falciparum gametes and Western blotting with purified lysates indicated strong reactivity of immune sera to native antigens in the parasite. Further functional assessment of immune sera tested at various dilutions in MFA demonstrated extremely potent (100%) transmission-blocking activity of antibodies, and not even a single oocyst was detected in the presence of serum dilutions of 1:32 (CFA group), 1:64 (Montanide group), and 1:8 (alum group). Even at higher dilutions of immune sera (1:128 for the CFA and Montanide ISA51 adjuvant groups and a 1:16 dilution for the alum group), there was Ͼ98% transmission-blocking efficacy. MFAs with purified total IgG from pooled immune mouse sera provided direct evidence that the transmission-blocking activity was mediated by antibodies elicited by vaccines. Purified antibodies at concentrations of 31.25 to 62.5 g/ml exhibited 100% transmission blocking. While we do not know the levels of Pfs25-specific IgG in the total IgG, assuming a value of 1 to 5%, our studies suggest that the presence of less than 5 g/ml of Pfs25-specific antibodies in the blood meal may be sufficient to effectively interfere with the development of the parasite in the mosquito midgut and block further transmission. Finally, we also present evidence that the transmission-blocking activity is not restricted to one species of Anopheles mosquitoes. MFA studies employing A. gambiae and A. stephensi revealed comparable efficacies of immune IgG.
In this study, we present the first evidence for successful expression and purification of CHrPfs25 in E. coli after simple oxidative refolding steps in an appropriate native conformation. Based on the high reproducibility of our optimized protein expression and purification protocol, we believe that CHrPfs25 production will be scalable for good-manufacturing-practice (GMP) production for clinical-grade preparation. Immunization with purified CHrPfs25 elicited high titers of specific antibodies capable of strong recognition of native Pfs25 protein on the surface of live P. falciparum gametes and extremely potent transmissionblocking activity. The highly reproducible Pfs25 expression, ease and low cost of protein expression, and, most importantly, potent transmission-blocking activity demonstrated by CHrPfs25 expressed in E. coli and formulated in clinically approved alum provide a compelling rationale for developing CHrPfs25 for further clinical trials in human volunteers. falciparum NF54 gametocytes mixed with total IgG from different adjuvant groups (CFA, Montanide ISA51, and alum) at concentrations of 125 and 62.5 g/ml were tested in MFA. NHS and pooled control serum (dilution, 1:8) from the respective adjuvant-only group were used as control sera in the same assay. Statistically significant differences in TBA were analyzed as described for Fig. 4 . Statistical significance was set at a P value of Ͻ0.0001. N represents infected/total mosquitoes dissected.
